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Abstract 21 
Species interactions can shift along the parasitism-mutualism continuum. However, the 22 
consequences of these transitions for coevolutionary interactions remain unclear. We 23 
experimentally coevolved a novel species interaction between Caenorhabditis elegans 24 
hosts and a mildly parasitic bacterium, Enterococcus faecalis, with host-protective properties 25 
against virulent Staphylococcus aureus. Coinfections drove the evolutionary transition of 26 
the C.elegans-E. faecalis relationship towards a reciprocally beneficial interaction. As E. 27 
faecalis evolved to protect nematodes against S. aureus infection, hosts adapted by 28 
accommodating greater numbers of protective bacteria. The mutualism was strongest in 29 
pairings of contemporary coevolved populations. To generally assess the conditions under 30 
which these defensive mutualisms can arise and coevolve, we analysed a model which 31 
showed that they are favoured when mild parasites confer an intermediate level of protection. 32 
Our results reveal that coevolution can shape the transition of animal-parasite interactions 33 
towards defensive symbioses in response to co-infections.  34 
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Introduction 35 
Microbes are not simply passengers or parasites, but can confer beneficial traits to their hosts 36 
with important consequences for community interactions. In particular, microbial symbionts 37 
can determine host susceptibility to parasites in the environment through defensive 38 
mutualism. Recognised for over a century (Belt, 2002), defensive mutualism has been 39 
observed across plant (Mendes et al., 2011; May & Nelson, 2014) and animal species (Dillon 40 
et al., 2005; Dong et al., 2009; Jaenike et al., 2010; Koch & Schmid-Hempel, 2011), 41 
including humans (Kamada et al., 2013).  Given the ubiquity and negative fitness 42 
consequences of parasites (Pedersen & Fenton, 2007), here referring to organisms gaining 43 
fitness benefits from host exploitation, microbial symbionts that confer protection greatly 44 
benefit hosts as an additional line of defence.  45 
Many mutualistic host-microbe relationships are hypothesised to have been formed through 46 
long-term coevolutionary interactions (Shoemaker et al., 2002; Ochman et al., 2010; Sanders 47 
et al., 2014). Microbial symbiont phylogenies often strongly correlate with those of their 48 
hosts (Shoemaker et al., 2002; Quek et al., 2004; Ley et al., 2008; Ochman et al., 2010; 49 
Kwong et al., 2014; Sanders et al., 2014), and symbionts typically perform sub-optimally in 50 
novel host species (e.g. (McGraw et al., 2002)). To date, most studies of host-microbe 51 
mutualisms are focussed on long-established interactions (Douglas, 1998; Nyholm & McFall-52 
Ngai, 2004). While coevolution has the potential to reinforce strength in mutualisms (Thrall 53 
et al., 2007), it is unclear how the evolution of  mutualism is initiated.  54 
For coevolving defensive mutualisms, in which host and microbial symbiont receive mutual 55 
benefits, the answer to their adaptive origin and co-adaptation may lie in the wider 56 
community context. Host and defensive symbiont interactions can straddle the parasitism-57 
mutualism continuum (Betts et al., 2016), being costly for their hosts to carry, but providing a 58 
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net benefit upon parasite attack (Hughes et al., 2011; Vorburger & Gouskov, 2011; Ford & 59 
King, 2016). In nature, parasite species are rarely found infecting hosts in isolation, but are 60 
often in coinfections with other parasite species (Telfer et al., 2010) and in coinfection, can 61 
provide inadvertent benefits to their hosts, for example, by modulating the virulence of 62 
competing parasite species (Gardner et al., 2004; Selva et al., 2009). These context-63 
dependent relationships are evolvable (King et al., 2016; Ashby & King, 2017). King et al. 64 
(2016) found that mildly virulent parasites can evolve rapidly within nematode hosts to 65 
protect against more virulent parasites, though still remain costly when virulent competitors 66 
are absent. However, the consequences of this evolutionary transition on reciprocal host 67 
evolution is unknown. Hosts may be less likely to evolve resistance to parasites in the 68 
absence of a defensive symbiont. In Drosophila evolved in the presence of a parasite with 69 
and without a defensive symbiont, alleles protecting against infection were under weaker 70 
selection in those individuals with the defensive symbiont (Martinez et al., 2016). 71 
Alternatively, hosts may evolve to actively select for mutualists among their microbiota 72 
(McLoughlin et al., 2016).  73 
Here, we investigated the adaptive emergence and coevolution of defensive mutualism using 74 
a novel tripartite system. We experimentally co-passaged nematode hosts (Caenorhabditis 75 
elegans) and a costly bacterium (Enterococcus faecalis) for 14 host generations in 76 
communities varying in the presence of a more virulent parasite (Staphylococcus aureus). E. 77 
faecalis was previously shown to evolve rapidly to protect its non-evolving nematode host 78 
against virulent infection by S. aureus (King et al., 2016). Both treatments consisted of five 79 
replicate populations started from a single clone of E. faecalis and a genetically-diverse 80 
nematode population. We found that S. aureus infection during coevolution drove enhanced 81 
microbe-mediated protective effects for hosts, and reciprocally, higher within-host 82 
colonisation for E. faecalis. These outcomes, which simultaneously benefit both host and 83 
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defensive microbe, were strongest in pairings of contemporary time-points, indicating the 84 
mutualism became increasingly co-adapted over evolutionary time. Using a general 85 
mathematical model, we asked under what conditions defensive mutualisms can arise, and 86 
specifically when would hosts evolve reduced resistance to the costly symbiont. We 87 
simulated the conditions under which two parasites infect a host, one of which conveys 88 
protection to the other. Our analysis revealed that defensive mutualisms readily coevolve 89 
when the strength of protection is intermediate given the context-dependent nature of the 90 
relationship. Together, our experimental and theoretical results indicate that host-parasite 91 
coevolutionary interactions can readily transition into an interaction that is mutually 92 
beneficial in communities with a shared enemy.  93 
 94 
Methods 95 
System 96 
We use the C. elegans – E. faecalis – S. aureus laboratory-based experimental system. E. 97 
faecalis and S. aureus can both act as parasites to C. elegans. Under our experimental 98 
conditions E. faecalis is only mildly pathogenic towards C. elegans, but S. aureus induces 99 
higher levels of host mortality (Ford et al., 2016; King et al., 2016). E. faecalis colonises C. 100 
elegans guts (King et al., 2016; Ford et al., 2017) and provides protection to C. elegans hosts 101 
against S. aureus via the production of superoxides which directly attack S. aureus cells 102 
within the host (King et al., 2016).  103 
 104 
Coevolution experiment  105 
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The C. elegans line EEVD00, generated by the lab of Henrique Teotonio (UEN, Paris, 106 
France), was used to start the coevolution experiment. Aliquots of the ancestral population 107 
were frozen at the start of the experiment to allow them to be revived when needed for 108 
phenotypic assays. This line is a genetically diverse, obligately outcrossing, dioecious 109 
population, encompassing the genetic diversity of 16 geographically diverse natural 110 
nematode isolates (Theologidis et al., 2014). Ancestral C. elegans were initially grown up on 111 
nematode growth medium (NGM) on 9cm petri plates seeded with E. coli OP50 food 112 
bacteria. A portion of these worms were immediately frozen in buffer (20% DMSO) at -80oC 113 
to create a static frozen stock of ancestral worms.  114 
The evolution experiment consisted of two treatments 1) C. elegans was co-passaged with E. 115 
faecalis alone (COEV-P treatment)(Figure 1A), and 2) C. elegans was co-passaged with E. 116 
faecalis in the presence of genetically-fixed S. aureus parasite (MSSA 476), under which 117 
conditions E. faecalis protects its host (King et al., 2016) (COEV+P treatment) (Figure 1B). 118 
Both treatments followed the same basic protocol (Figure 1). Initially, plates of ancestral C. 119 
elegans containing gravid females were ‘bleached’ using a sodium hypochlorite solution to 120 
surface sterilise eggs and synchronise the population (Stiernagle, 2006). As an additional 121 
synchronisation step, sterilised eggs were suspended in 7ml of M9 buffer in 15ml centrifuge 122 
tubes and incubated overnight at 20oC, shaking continuously on an orbital shaker at 88rpm. 123 
Under these conditions, eggs hatch but arrest at the L1 larval stage (Stiernagle, 2006). 124 
Simultaneously, the E. faecalis strain OG1RF (Garsin et al., 2001) was cultured overnight at 125 
30oC from a single colony in Todd Hewitt Broth (THB) and OP50 cultured overnight at 30oC 126 
in Luria-Bertani broth (LB). A portion of the E. faecalis overnight culture was frozen in 25% 127 
Glycerol at -80oC to maintain a static ancestral stock. For each treatment, five 9cm NGM 128 
plates were inoculated, each with 300µl OP50 and an equal volume of E. faecalis culture, and 129 
dried at room temperature for 30-60 min., to represent five replicate populations for each 130 
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treatment. Approximately 2000 L1 worms were added to each plate, which were then dried 131 
for a further 60 min. at room temperature before being incubated at 20oC for 48h. This 132 
mimics a horizontally-transmitted, bacterial symbiont becoming resident in the host during 133 
early development. Meanwhile the S. aureus strain MSSA476 (Holden et al., 2004) was 134 
grown up from a frozen stock overnight at 30oC in THB and OP50 cultured overnight at 30oC 135 
in LB. The following day, ten Tryptic Soy Broth (TSB) Agar plates were prepared, five plates 136 
were inoculated with 100µl of S. aureus overnight culture and the remaining plates 137 
inoculated with 100µl of OP50 overnight culture. The plates were incubated overnight at 138 
30oC. After 48h exposed to E. faecalis plates, nematodes in the COEV-P treatment were 139 
transferred to OP50, whilst worms in the COEV+P treatment were transferred to S. aureus 140 
exposure plates. Worms were washed four times (Jansen et al., 2015) to remove E. faecalis 141 
from the nematode cuticle. After transfer, worms were left exposed to the S.aureus parasite or 142 
OP50 food for 24h at 25oC.  143 
E. faecalis and worms were then co-passaged. To passage E. faecalis after parasite or OP50 144 
exposure, worms were washed again (Jansen et al., 2015), but re-suspended in 250µl M9 145 
buffer, and 10% of each suspension of a population was manually crushed with a plastic 146 
pestle. Crushed worm suspension was spread on selective media (TSB agar with 100 µg/ml 147 
rifampicin) to isolate E. faecalis strain OG1RF. An E. faecalis overnight culture was grown 148 
for each population by picking 100 colonies from the streaked out rifampicin TSB plate and 149 
then grown in THB at 30oC overnight and an E. coli OP50 grown up at 30oC in parallel.  The 150 
remainder of the washed, alive worms from each population were transferred to an OP50-151 
seeded NGM plate for 48h to lay eggs. Subsequently, nematode eggs were again bleached 152 
and synchronised overnight in M9 buffer. The cycle was then completed as described above 153 
and repeated for a total of 14 host generations of coevolution (Figure 1).  154 
E. faecalis protective ability towards C. elegans 155 
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Protective ability of E. faecalis was measured as host survival following E. faecalis pre-156 
exposure and subsequent S. aureus parasite exposure. All survival assays were carried out 157 
over the time frame of one generation of the evolution experiment and with approximately 158 
200 worms for each replicate population. Archived replicate populations were thawed onto 159 
OP50 food-seeded NGM plates five days prior to the assay, in order to revive L1 stage 160 
worms (Stiernagle, 2006) and allow them to reach adulthood and lay eggs. Assay plates were 161 
prepared as described above, but on 6cm petri dishes with the following proportions of 162 
bacteria: 200µl OP50/200µl E. faecalis population, 400µl OP50 culture (for OP50-only 163 
controls), and 60µl S. aureus culture. Exposures were either with sympatric, end-point 164 
coevolved worms and E. faecalis or ancestral, archived stock of one player, with evolved 165 
end-point strains of the other. Worms were exposed to E. faecalis for 48h followed by S. 166 
aureus for 24h. Following final exposure, numbers of alive and dead worms were counted on 167 
the S. aureus plates. 168 
Quantifying E. faecalis accumulation in nematode gut 169 
Replicate populations of ancestral and coevolved nematodes and E. faecalis were prepared as 170 
described above. Bacteria were allowed to accumulate in nematodes by exposing generation 171 
14 worms to their coevolved E. faecalis replicate population (sympatric combination) and 172 
ancestral C. elegans with generation 14 E. faecalis populations (allopatric combinations), from 173 
the COEV-P and COEV+P treatments. Approximately, 200 L1 nematodes were added to each 174 
plate and left for 48h at 20°C. Five female C. elegans per replicate were picked and their cuticle 175 
rinsed in M9 buffer, following which, nematodes were manually crushed with pestles to release 176 
their gut bacteria. Gut contents were plated on selective media (TSB with 100 µg/ml 177 
rifampicin) and incubated at 30oC overnight. E. faecalis colony-forming units (CFUs) were 178 
counted.    179 
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Statistical analysis of experimental data 180 
Survival data were analysed with nested binomial mixed effect models (GLMMs), followed by 181 
Tukey multiple-comparison tests (R package multcomp) to determine pairwise differences. 182 
CFU data were log-transformed and analysed using a nested linear model mixed effects model 183 
followed by pairwise t-tests. The false discovery rate (fdr) correction was used to correct for 184 
multiple testing where appropriate. All statistical analyses were carried out in R version 3.2.3. 185 
Mathematical model 186 
To assess the conditions under which defensive mutualism can evolve, we analyse the eco-187 
evolutionary dynamics of a general model of host protection (Ashby & King, 2017), extended 188 
to allow coevolution (see Table 1 for full list of parameters). The model consists of a host and 189 
two infectious species, one of which may convey protection against the other. The defensive 190 
mutualist (akin to E. faecalis) is mildly virulent and can evolve to protect its host by reducing 191 
susceptibility to a more virulent parasite (akin to S. aureus). The theoretical model is not 192 
intended to mimic the experiments, but rather is a broadly applicable model of mutualism 193 
coevolution in a generic system. 194 
For simplicity, we assume that co-infections only occur between parasites of different species 195 
(previous work has shown that the evolution of host protection is broadly similar if this 196 
assumption is relaxed; Ashby & King, 2017). The host population is therefore divided into 197 
four classes according to its infection status: susceptible to both species (𝑆); infected by the 198 
defensive mutualist but still susceptible to the parasite  (𝐼𝑀); infected by the parasite but still 199 
susceptible to the defensive mutualist (𝐼𝑃); and infected by both species (𝐼𝑀𝑃). Hosts have a 200 
base natural mortality rate of ?̃? and reproduce at a maximum per-capita rate of 𝑎 subject to 201 
density-dependent competition (defined by 𝑞𝑁 with 𝑁 = 𝑆 + 𝐼𝑀 + 𝐼𝑃 + 𝐼𝑀𝑃) and reduced 202 
fecundity (𝑓) when infected (0 ≤ 𝑓𝑀 , 𝑓𝑃, 𝑓𝑀𝑃 ≤ 1), giving a birth rate of 𝜈 =203 
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(𝑎 − 𝑞𝑁)(𝑆 + 𝑓𝑀𝐼𝑀 + 𝑓𝑃𝐼𝑃 + 𝑓𝑀𝑃𝐼𝑀𝑃). The maximum pairwise transmission rate for species 204 
𝑗 is 𝛽𝑗 and recovery occurs at rate 𝛾𝑗. Hosts experiencing a single infection with species 𝑗 205 
suffer an additional mortality rate (virulence) of 𝛼𝑗, while mixed infections lead to an 206 
additional mortality rate of 𝛼𝑀𝑃 = 𝛼𝑀 + 𝛼𝑃. The virulence of the parasite is assumed to be 207 
higher than the additional mortality caused by the defensive mutualist (𝛼𝑃 > 𝛼𝑀). 208 
We investigate the evolution of two traits: (1) host susceptibility to the defensive mutualist, 209 
denoted by strategy 𝑥 ≥ 0, and (2) resistance conferred to the host by the defensive mutualist, 210 
denoted by strategy 𝑦 (0 ≤ 𝑦 ≤ 1). In the absence of the parasite, infection by the defensive 211 
mutualist leads to increased mortality (i.e. the defensive mutualist is a mildly virulent 212 
parasite). However, if the more virulent parasite is present in the population, then infection by 213 
the defensive mutualist may reduce the risk of subsequent infection. Specifically, 𝛽𝑃(𝑦) =214 
𝛽𝑃(1 − 𝑦), which means that host susceptibility decreases with 𝑦 > 0.  215 
Conveying protection to the host is likely to be costly for the defensive mutualist, as it must 216 
divert resources from growth or reproduction to bolster host defences. We therefore 217 
set 𝛽𝑀(𝑥, 𝑦) = 𝛽𝑀(1 − 𝑐𝑀(𝑦))(𝑥 + 1), where 𝑐𝑀(𝑦) = 𝑐𝑀
1 (1 − 𝑒𝑐𝑀
2 𝑦) (1 − 𝑒𝑐𝑀
2
)⁄  controls 218 
the trade-off (i.e. the reduction in onward transmission of the defensive mutualist due to 219 
conveying host protection). The parameter 𝑐𝑀
1  (0 ≤ 𝑐𝑀
1 ≤ 1) determines the maximum 220 
strength of the cost (reduction in transmission), and 𝑐𝑀
2 ≠ 0 determines the shape of the trade-221 
off, with 𝑐𝑀
2 > 0 implying that costs of conveying host protection accelerate, and 𝑐𝑀
2 < 0 222 
implying that the associated costs decelerate with greater host protection. Positive values of 𝑥 223 
indicate that the host is actively helping the defensive mutualist by increasing its 224 
susceptibility. Similarly, hosts may pay a cost of increased susceptibility in the form of a 225 
higher natural mortality rate, 𝑏(𝑥) = ?̃?(1 + 𝑐𝐻(𝑥)), where ?̃? is the base natural mortality rate 226 
and 𝑐𝐻(𝑥) = 𝑐𝐻
1 𝑥𝑐𝐻
2
 is the host trade-off. Again, the parameter 𝑐𝐻
1 ≥ 0 controls the overall 227 
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strength of the trade-off (i.e. the proportional increase in the mortality rate) and 𝑐𝐻
2 > 0 228 
modifies that shape of the trade-off such that costs accelerate when 𝑐𝐻
2 > 1 and decelerate 229 
when 0 < 𝑐𝐻
2 < 1. We include the potential for an explicit cost to hosts associated with 230 
increasing susceptibility to the defensive mutualist (i.e. when 𝑥 > 0). This is because the host 231 
may also inadvertently increase its susceptibility to other infections not captured by the 232 
model. When 𝑐𝐻
1 = 0 there is no explicit cost to the host associated with increased 233 
susceptibility to the defensive mutualist.  234 
Assuming monomorphic, well-mixed populations, the epidemiological dynamics are fully 235 
described by the following set of differential equations: 236 
𝑑𝑆
𝑑𝑡
= ν − [𝑏(𝑥) + 𝜆M(𝑥, 𝑦) + 𝜆P,S]𝑆 + 𝛾M𝐼M + 𝛾P𝐼P                                       (1a) 237 
𝑑𝐼M
𝑑𝑡
= 𝜆M(𝑥, 𝑦)𝑆 − [𝑏(𝑥) + 𝛼𝑀 + 𝛾M + 𝜆P(𝑦)]𝐼M + 𝛾P𝐼MP                           (1b) 238 
𝑑𝐼P
𝑑𝑡
= 𝜆P,S𝑆 − [𝑏(𝑥) + 𝛼𝑃 + 𝛾P + 𝜆M(𝑥, 𝑦)]𝐼P + 𝛾M𝐼MP                                  (1c) 239 
𝑑𝐼MP
𝑑𝑡
= 𝜆M(𝑥, 𝑦)𝐼P + 𝜆P(𝑦)𝐼M − [𝑏(𝑥) + 𝛼𝑀𝑃 + 𝛾M + 𝛾P]𝐼MP                      (1d) 240 
where 𝜆𝑀(𝑥, 𝑦) = 𝛽𝑀(𝑥, 𝑦)(𝐼𝑀 + 𝐼𝑀𝑃), 𝜆P(𝑦) = 𝛽𝑃(𝑦)(𝐼𝑃 + 𝐼𝑀𝑃) and 𝜆P,S = 𝛽𝑃(𝐼𝑃 + 𝐼𝑀𝑃) 241 
are the forces of infection for the defensive mutualist, the parasite on hosts infected with the 242 
mutualist, and the parasite on uninfected hosts, respectively. 243 
We explore the coevolutionary dynamics of this system using evolutionary invasion analysis, 244 
which assumes traits are continuous, selection is weak, and there is a separation of ecological 245 
and evolutionary timescales (Geritz et al., 1998). This means that traits are governed by many 246 
loci with small additive effects, mutations are rare, and mutants are phenotypically similar to 247 
the resident population. We analyse the model numerically because there is no analytic 248 
expression for the epidemiological equilibrium of the system. We relax the assumptions of 249 
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rare mutations and weak selection in our simulations by coarsely discretising the interval for 250 
the strategies (larger mutations, stronger selection) and by introducing mutants before the 251 
system reaches equilibrium (no separation of timescales). Starting with a single resident trait 252 
in each population, (𝑥𝑟 , 𝑦𝑟), we solve the ODE system for a given time period [0, 𝑇] (𝑇 =253 
100), then randomly introduce a mutant at low frequency in one population (𝑥𝑚 = 𝑥𝑟 ±254 
𝜖𝐻 or 𝑦𝑚 = 𝑦𝑟 ± 𝜖𝑀) (mutation sizes fixed at 𝜖𝐻 = 𝜖𝑀 = 0.02), We then re-run the ODE 255 
solver over the period [𝑇, 2𝑇] and remove any strains that have fallen below a frequency of 256 
𝜖𝐸𝑋𝑇 = 10
−3. If more than one trait is still present in the population, then the next mutant is 257 
chosen based on a weighted probability of the trait frequencies. The process is repeated for 258 
𝑛 = 2000 iterations. The source code for the simulations is available in the online 259 
supplementary material. 260 
Results 261 
Experimental results 262 
Experimental evolution strongly impacted microbe-mediated host protection. We found a 263 
significant interaction of nematode host and E. faecalis evolutionary background (COEV+P 264 
vs COEV-P treatment) on microbe- mediated host survival (Nested binomial GLMM: 265 
χ2=109.8, d.f. =2, p=<0.001, Figure 2).  The interaction between sympatric host-defensive 266 
mutualist pairings resulted in the highest level of host survival after S. aureus infection in the 267 
COEV+P treatment (Figure 2), with hosts surviving 5% better in this treatment than in 268 
COEV-P sympatric pairings, which resulted in the next highest level of host survival (Figure 269 
2). The effect of pre-exposure alone (Defensive mutualist evolutionary background) was 270 
significant (Nested binomial GLMM: χ2=384.7, d.f. =2, p=<0.001) but host evolutionary 271 
background alone was not (Nested binomial GLMM: χ2=0.7, d.f. =1, p=0.422).    272 
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Examining how hosts evolved, coevolution of E. faecalis with nematodes under S. aureus 273 
attack resulted in significantly enhanced protection toward coevolved, sympatric hosts in the 274 
COEV+P treatment in comparison to COEV+P bacteria paired with ancestral hosts (Nested 275 
binomial GLMM: χ2=27.4, d.f. =1, p=<0.001, Figure 3), with COEV+P defensive mutualists 276 
increasing the percentages of hosts surviving parasite attack from just over 96% to near 100% 277 
(Figure 3).  Coevolution did not result in a statistically significant increase in microbe-278 
mediated host survival for ancestral C. elegans, although there was a trend in the direction of 279 
COEV+P bacteria protecting better than COEV-P or ancestral bacteria (Nested binomial 280 
GLMM: χ2=3.6, d.f. =2, p=0.163, Figure S1).  281 
There was a significant effect of both E. faecalis (Nested linear mixed effects model: χ2=3.8, 282 
d.f. =1, p=0.049) and C. elegans (Nested linear mixed effects model: χ2=3.8, d.f. =1, 283 
p=0.016) background on E. faecalis accumulation/nematode (Figure 4), with COEV+P E. 284 
faecalis colonising its sympatric, coevolved worms significantly better than any other 285 
defensive mutualist-host combination (Figure 4). Colonisation in the coevolved sympatric 286 
treatment combination was 1.5X greater than in COEV+P host with COEV-P parasite 287 
pairings, which showed the next highest colonisation levels (Figure 4). There was no 288 
significant interaction between E. faecalis and C. elegans effects (Nested linear mixed effects 289 
model: χ2=0.004, d.f. =1, p=0.947). Pairwise t-tests revealed, however, that the significant 290 
host and defensive mutualist effects were caused entirely by heightened colonisation in the 291 
sympatric COEV+P host-defensive mutualist combination in comparison to COEV-P worms 292 
exposed to COEV-P defensive mutualists (p=0.017). The enhancement of the COEV+P host-293 
defensive mutualist combination in both colonisation (Figure 4) and protection (Figure 2) 294 
suggests these traits are linked. There was no significant difference in S. aureus accumulation 295 
in the gut among nematode strains (Nested linear mixed effects model: χ2=1.2, d.f. =2, 296 
p=0.544, Figure S2). 297 
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Theoretical results 298 
We first consider host evolution with a static defensive mutualist. In the supplementary 299 
material, we derive an expression for host fitness in the special case when there is no 300 
recovery (𝛾𝑀 = 𝛾𝑃 = 0) and hosts infected by the parasite do not reproduce (𝑓𝑃 = 𝑓𝑀𝑃 = 0), 301 
as these assumptions greatly simplify the expression for host fitness (equation S2).  302 
Our analysis reveals that the host maximises susceptibility to the defensive mutualist for 303 
intermediate levels of host protection (𝑦) (Figure 5). When 𝑦 is small, the defensive 304 
mutualist only confers weak protection against the virulent parasite, which is insufficient to 305 
offset the associated costs of harbouring the defensive mutualist. When 𝑦 is large, the 306 
defensive mutualist confers strong protection which reduces the prevalence of the parasite in 307 
the population and hence the risk of infection. It is therefore only for intermediate values of 𝑦 308 
that the host evolves increased susceptibility to the defensive mutualist. These results are 309 
consistent when the host does not experience a trade-off (𝑐𝐻
1 = 0), hosts infected by the 310 
virulent parasite can recover or reproduce (Figure S3), and as the shape of the host trade-off 311 
is varied from accelerating (Figure 5a, S3a) to decelerating (Figure 5b, S3b). When the trade-312 
off decelerates, intermediate levels of protection usually lead to hosts evolving either high or 313 
low susceptibility depending on the initial conditions and mutation size (i.e. the singular 314 
strategy is a repeller), but for a narrow range of parameters an initially monomorphic host 315 
population may diversify into two coexisting strategies through disruptive selection (i.e. the 316 
singular strategy is a branching point). The simulations, which relax the adaptive dynamics 317 
assumptions of weak selection and rare mutants, closely match our numerical predictions 318 
(Figure 5, S3). 319 
We now consider coevolution between the host and the defensive mutualist (Figure 6, S4-320 
S5). This scenario is analogous to the experiments, where both the host (C. elegans) and a 321 
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mildly virulent bacteria (E. faecalis) are coevolved in the presence of a more virulent parasite 322 
(S. aureus). We focus on the case where infected hosts do not recover or reproduce, and 323 
assume that mutations are small and that initially 𝑥 = 0 and 𝑦 = 0 (the relationship starts off 324 
as being antagonistic). Since the host only evolves increased susceptibility when the 325 
protective parasite/defensive mutualist confers intermediate protection against the virulent 326 
parasite, we know that 𝑥∗ > 0 implies 𝑦∗ > 0 (“mutualism”). This tends to occur when the 327 
trade-off for the host is relatively weak (small 𝑐𝐻
1 , Figure S5) and accelerates (𝑐𝐻
2 > 1, Figure 328 
6), and when the trade-off for the defensive mutualist is of intermediate magnitude (moderate 329 
𝑐𝑀
1 , Figure S5) and does not strongly decelerate (Figure 6). Alternatively, the defensive 330 
mutualist can evolve to protect the host even when the host does not reciprocate by increasing 331 
its susceptibility to the defensive mutualist (“host protection”, 𝑥∗ = 0, 𝑦∗ > 0). This 332 
generally occurs when the trade-off for the host is relatively costly (large 𝑐𝐻
1 , Figure S5) or 333 
decelerating (𝑐𝐻
2 < 1, Figure 6), and when the trade-off for the defensive mutualist is not too 334 
high (low to moderate 𝑐𝑀
1 , Figure S5) and does not strongly decelerate (Figure 6). In both the 335 
“mutualism” and “host protection” cases, weakly decelerating or accelerating trade-off 336 
shapes for the defensive mutualist can lead to evolutionary branching and the coexistence of 337 
high and low protective strains (𝑐𝑀
2 ≈ 0, Figure 6). For strongly decelerating trade-offs 338 
(𝑐𝐻
2 ≪ 1, 𝑐𝑀
2 ≪ 0) host protection does not evolve, and so the relationship remains 339 
antagonistic. The results are broadly similar when infected hosts are allowed to recover or 340 
reproduce, although evolutionary branching is slightly less likely (Figure S4). In summary, 341 
the model predicts that mutualism can readily evolve provided host protection is intermediate 342 
and is most likely to occur when the host trade-off accelerates and the defensive mutualist 343 
trade-off is not strongly decelerating. 344 
 345 
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Discussion 346 
Many beneficial symbioses are thought to have been formed through longstanding 347 
coevolutionary associations (Sanders et al., 2014). However, it is unclear how mutualisms 348 
arise and are shaped by coevolution from initially novel and even parasitic interactions. By 349 
combining an experimental coevolution approach with a theoretical model, we examined the 350 
de novo formation of a reciprocal host-microbe defensive mutualism. Consistent with 351 
previous findings (King et al., 2016), E. faecalis here evolves to cross the parasitism-352 
mutualism continuum, becoming a host-protective mutualist during coinfection with S. 353 
aureus. Nevertheless, we further find that E. faecalis reciprocally benefits, with higher 354 
within-host fitness, and is best at protecting its sympatric coevolved host populations. 355 
Increased protection may directly result from the higher within-host fitness within sympatric 356 
species interactions. Protection towards sympatric, coevolved hosts is greater than the 357 
cumulative effects of general increased protection by defensive microbes towards ancestral 358 
hosts and general increased survival of hosts with ancestral defensive microbes. This result is 359 
consistent with hosts evolving higher susceptibility to their sympatric defensive microbes. 360 
Our mathematical model confirms that host adaptation to defensive microbes can involve 361 
lower levels of genetic-based resistance to these mutualists, provided they are not too costly 362 
and they confer at least an intermediate level of protection. These are both assumptions that 363 
reflect the biology of our tripartite model system (King et al., 2016). 364 
Although mutualism coevolution has been studied in natural systems (e.g. De Mazancourt et 365 
al., 2005; Thompson, 2005, 2014), experimental demonstrations are rare and/or under one-366 
sided adaptation conditions (Bracewell & Six, 2015; Jansen et al., 2015; King et al., 2016; 367 
Morran et al., 2016), whereby the microbe evolves with a static host population (Rafaluk et 368 
al., 2015). Furthermore, previous studies have generally focussed on broad phenotypic 369 
outcomes (e.g. (Jousselin et al., 2003; Machado et al., 2005)), rather than specific host and 370 
17 
 
microbe effects important for understanding the patterns and processes of coevolution. That 371 
hosts here evolved increased susceptibility to their sympatric E. faecalis over time is 372 
consistent with de novo host adaptation via symbiosis, whereby host colonisation by a 373 
defensive symbiont is selected for as a defence against parasite attack (Jaenike et al., 2010). 374 
This result reflects some defensive symbioses found naturally (Schmid et al., 2012), for 375 
example in North American fruitflies where hosts harbouring Spiroplasma bacteria receive 376 
protection from a sterilizing nematode parasite (Jaenike et al., 2010). Strong main effects of 377 
both host and defensive microbe on the accumulation of E. faecalis indicate that worm hosts 378 
evolved to allow for increased defensive microbe colonisation throughout the process of 379 
coevolution, despite their costs.  380 
The fitness benefits for both defensive microbe and hosts increased over evolutionary time. 381 
Moreover, sympatric, coevolved pairings show the highest host survival and defensive 382 
mutualist colonisation levels, relative to those from mismatched pairings in time. These 383 
results indicate some degree of co-adaptation between mutualists, a finding not always 384 
present in defensive mutualisms. For example, in an aphid-symbiont system, co-adaptation 385 
occurs in the interaction between defensive microbe and parasite (Rouchet & Vorburger, 386 
2012; Parker et al., 2017), but not with the host (Parker et al., 2017). In systems where strong 387 
host-symbiont co-adaptation exists, it is when there are phylogenetic concordance and/or the 388 
symbiont is inherited with millions of years of association (Shoemaker et al., 2002; Jousselin 389 
et al., 2003; Quek et al., 2004; Wade, 2007). However, it is increasingly known that many 390 
inherited bacteria can also transmit horizontally across host lineages (Parratt et al., 2016), and 391 
mechanisms of co-adaptation have been well-characterised in horizontally-transmitted 392 
microbe-host mutualisms, such as between squid and Vibrio fischeri (McFall-Ngai & Ruby, 393 
1991; Nyholm & McFall-Ngai, 2004; Nyholm & Nishiguchi, 2008; Collins et al., 2012). Yet, 394 
the evolutionary processes driving co-adaptation, whether it exists beyond the species-level 395 
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across populations, and the time periods under which it can arise all remain elusive. In the 396 
present study, it took 14 host generations at most for heightened protection to result from a 397 
novel host-microbe interaction. This effect was consistent across all replicate populations. 398 
These data reveal the potential for a mutualistic interaction to arise rapidly, and in a parallel 399 
fashion, in coevolving mutualisms with horizontally transmitted bacteria. From an applied 400 
perspective, these findings might be encouraging for the rapid establishment and success of 401 
novel host-defensive microbe associations being used to stop transmission of devastating 402 
human parasites, such as Zika (Aliota et al., 2016) and dengue virus from insect vectors (Bull 403 
& Turelli, 2013). 404 
Our theoretical model shows that such evolutionary outcomes can occur across a range of 405 
fitness trade-offs, and thus may be common in nature. Specifically, where relatively mild 406 
parasites show intermediate levels of protection against more virulent competitors in 407 
coinfection, selection drives these parasites towards defensive mutualism. Consistent with 408 
this theoretical conclusion, the selective environment involving S.aureus parasites resulted in 409 
increases of E. faecalis-mediated protection, and also higher within-host microbe fitness. 410 
These mutual benefits were also the result of host-E.faecalis co-adaptation, as benefits were 411 
strongest in contemporary, sympatric pairings. Previously, this system has been used to show 412 
that under one-sided adaptation conditions (King et al., 2016), E. faecalis can evolve to 413 
increasingly benefit a single genotype of C. elegans hosts. Here, we go beyond this finding. 414 
We show that under coevolutionary conditions with a genetically diverse host population, 415 
enhanced protection evolves as a consequence of evolutionary change in both host and 416 
mutualist. Our results ultimately reveal that mutualistic host-microbe relationships can arise 417 
quickly and stably coevolve, and exhibit some degree of co-adaptation across populations 418 
over time.  419 
 420 
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 578 
Parameter/ 
variable 
 Description 
𝑺, 𝑰𝒋, 𝑰𝑴𝑷, 𝑵 Number of hosts that are: susceptible, infected by species 𝑗, infected by both 
species, alive (total) 
𝒂 Maximum per-capita host birth rate 
?̃?, 𝒃(𝒙) Host natural mortality rate: baseline, trade-off for hosts with strategy 𝑥 
𝒄𝒋
𝟏 Strength of trade-off for species 𝑗 
𝒄𝒋
𝟐 Shape of trade-off for species 𝑗 
𝒇𝒋, 𝒇𝑴𝑷 Relative fecundity for hosts infected by: species 𝑗, both species 
𝒒 Density-dependence coefficient 
𝜶𝒋, 𝜶𝑴𝑷 Additional mortality rate for hosts infected by: species 𝑗, both species 
?̃?𝒋 Baseline transmission rate for species 𝑗 
𝜷𝑴(𝒙, 𝒚) Transmission rate for defensive mutualists with strategy 𝑦 when hosts have 
strategy 𝑥 
𝜷𝑷(𝒚) Transmission rate for parasites when hosts are infected by defensive 
mutualists with strategy 𝑦 
𝜸𝒋 Recovery rate for hosts infected by species 𝑗 
𝝀𝑴(𝒙, 𝒚) Force of infection for the defensive mutualist when hosts and defensive 
mutualists have strategies 𝑥 and 𝑦, respectively 
𝝀𝑷,𝑺, 𝝀𝑷(𝒚) Force of infection for the parasite when hosts are: susceptible, already 
infected by defensive mutualists with strategy 𝑦 
𝝂 Host birth rate: 𝜈 = (𝑎 − 𝑞𝑁)(𝑆 + 𝑓𝑀𝐼𝑀 + 𝑓𝑃𝐼𝑃 + 𝑓𝑀𝑃𝐼𝑀𝑃) 
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𝒙 Host susceptibility strategy to protective parasite/defensive mutualist 
𝒚 Strength of protection conferred to the host 
Table 1. Parameters for the theoretical model. 579 
Figure captions 580 
 581 
Figure 1. Schematic of the evolution experiment. Figure 1A represents the COEV-P 582 
treatment and 1B the COEV+P treatment. Both nematodes and defensive microbes were 583 
passaged to the next generation in both treatments. There were 5 replicate populations of each 584 
treatment and evolution was carried out for 14 host generations.  585 
29 
 
 586 
Figure 2. Survival of C. elegans from each coevolution treatment after S. aureus parasite 587 
exposure, following pre-colonisation by sympatric, coevolved E. faecalis, ancestral E. 588 
faecalis or E. coli OP50 food. Means with the same letter do not differ significantly from one 589 
another (Tukey multiple comparisons). Squares represent treatment means. Dots represent 590 
means for each replicate. Error bars, ±1 S.E.M. 591 
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 592 
Figure 3. Survival of ancestral and coevolved C. elegans after S. aureus parasite exposure, 593 
following pre-colonisation by coevolved E. faecalis. Squares represent treatment means. Dots 594 
represent means for each replicate. Error bars, ±1 S.E.M.  595 
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 596 
Figure 4. Gut colonisation by coevolved E.faeaclis of ancestral and sympatric, coevolved C. 597 
elegans hosts. Error bars, ±1 S.E.M. 598 
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 599 
Figure 5. Evolution of host susceptibility to the defensive mutualist (black) for fixed levels 600 
of conferred protection. Host susceptibility to the defensive mutualist and the level of 601 
conferred protection increase with x and y, respectively. (A) accelerating host trade-off (𝑐𝐻
2 =602 
2); (B) decelerating host trade-off (𝑐𝐻
2 = 0.5). Green and red curves show the equilibrium 603 
proportion of hosts infected with the defensive mutualist (M) and the parasite (P), 604 
respectively. Black curves show the singular strategy (𝑥∗) for the host: solid curves 605 
correspond to continuously stable strategies, dashed curves to evolutionary repellers and 606 
dotted curves to evolutionary branching points where two host types may evolve and coexist 607 
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from an initially monomorphic population. Shading corresponds to simulation outputs, where 608 
the adaptive dynamics assumptions of weak selection and rare mutations are relaxed. Hosts 609 
infected by the parasite cannot recover or reproduce (see Fig. S3 for the converse). Fixed 610 
parameters: 𝑎 = 1, 𝑏 = 0.5, 𝑐𝐻
1 = 0.02, 𝑐𝑀
1 = 0.1, 𝑓𝑀 = 1, 𝑓𝑃 = 0, 𝑓𝑀𝑃 = 0, 𝑞 = 0.5, 𝛼𝑀 =611 
0.01, 𝛼𝑃 = 1, 𝛽𝑀 = 5, 𝛽𝑃 = 5, 𝛾𝑀 = 0, 𝛾𝑃 = 0. 612 
 613 
Figure 6. Qualitative coevolutionary outcomes as the shape of the host and defensive 614 
mutualist trade-offs are varied. When 𝑐𝐻
2 > 1 the host trade-off accelerates and when 615 
𝑐𝐻
2 < 1 it decelerates. When 𝑐𝑀
2 > 0 the defensive mutualist trade-off accelerates and 616 
when 𝑐𝑀
2 < 0 it decelerates. Host protection (𝑥∗ = 0, 𝑦∗ > 0) evolves in the single 617 
hatched region, and mutualism (𝑥∗ > 0, 𝑦∗ > 0) evolves in the crosshatched region. 618 
For trade-offs between the two horizontal dashed lines, the defensive mutualist 619 
diversifies into two strains, one conferring high protection to the host and the other 620 
conferring no protection. The inset figures show simulations corresponding to the 621 
different regions, with the host (H) and defensive mutualist (M) traits (𝑥 and 𝑦) 622 
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increasing from left to right in each plot, and time increasing from bottom to top. 623 
Mutations are small and initially 𝑥 = 0 and 𝑦 = 0 (the relationship starts off as being 624 
antagonistic). Hosts infected by the parasite cannot recover or reproduce (see Fig. S4 625 
for the converse). Fixed parameters as in Figure 5, with 𝑐𝐻
1 = 0.02 and 𝑐𝑀
1 = 0.1.  626 
  627 
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Supplementary material 628 
Theoretical model: host evolution 629 
We first derive an expression for host fitness in the special case when there is no recovery 630 
(𝛾𝑀 = 𝛾𝑃 = 0) and hosts infected by the parasite do not reproduce (𝑓𝑃 = 𝑓𝑀𝑃 = 0), as these 631 
assumptions greatly simplify the expression for host fitness. The initial dynamics of a rare 632 
host mutant (𝑚) in a monomorphic resident population at equilibrium (*) are then given by: 633 
𝑑𝑆𝑚
𝑑𝑡
= [𝑎 − 𝑞𝑁∗](𝑆𝑚 + 𝑓𝑀𝐼𝑀
𝑚) − [𝑏(𝑥𝑚) + 𝜆𝑀
∗ (𝑥𝑚, 𝑦) + 𝜆𝑃,𝑆
∗ ]𝑆𝑚                       (S1a) 634 
𝑑𝐼𝑀
𝑚
𝑑𝑡
= 𝜆𝑀
∗ (𝑥𝑚, 𝑦)𝑆𝑚 − [𝑏(𝑥𝑚) + 𝛼𝑀 + 𝜆𝑃
∗ (𝑦)]𝐼𝑀
𝑚                                                    (S1b) 635 
𝑑𝐼𝑃
𝑚
𝑑𝑡
= 𝜆𝑃,𝑆
∗ 𝑆𝑚 − [𝑏(𝑥𝑚) + 𝛼𝑃 + 𝜆𝑀
∗ (𝑥𝑚, 𝑦)]𝐼𝑃
𝑚                                                         (S1c) 636 
𝑑𝐼𝑀𝑃
𝑚
𝑑𝑡
= 𝜆𝑀
∗ (𝑥𝑚, 𝑦)𝐼𝑃
𝑚 + 𝜆𝑃
∗ (𝑦)𝐼𝑀
𝑚 − [𝑏(𝑥) + 𝛼𝑀𝑃]𝐼𝑀𝑃
𝑚                                                (S1d) 637 
Using the next-generation method (Hurford et al. 2010), one can derive the following 638 
expression, which is sign equivalent to the fitness of the mutant: 639 
𝑤𝐻(𝑥𝑚, 𝑦) = 𝐴(𝑥𝑚, 𝑦)(1 + 𝐵(𝑥𝑚, 𝑦)) − 1                                       (S2) 640 
where 𝐴(𝑥𝑚, 𝑦) =
𝑎−𝑞𝑁∗
𝑏(𝑥𝑚)+𝜆𝑀
∗ (𝑥𝑚,𝑦)+𝜆𝑃,𝑆
∗  and 𝐵(𝑥𝑚, 𝑦) =
𝑓𝑀𝜆𝑀
∗ (𝑥𝑚,𝑦)
𝑏(𝑥𝑚)+𝛼𝑀+𝜆𝑃
∗ (𝑦)
. The selection 641 
gradient for the host is then given by 𝑠𝐻(𝑥, 𝑦) =
𝜕𝑤𝐻
𝜕𝑥𝑚
|
𝑥𝑚=𝑥
: 642 
𝑠𝐻(𝑥, 𝑦) = (1 + 𝐵(𝑥, 𝑦))
𝑑𝐴
𝑑𝑥𝑚
|
𝑥𝑚=𝑥
+𝐴(𝑥, 𝑦)
𝑑𝐵
𝑑𝑥𝑚
|
𝑥𝑚=𝑥
                        (S3) 643 
where 644 
𝑑𝐴
𝑑𝑥𝑚
=  −
𝐴(𝑥𝑚, 𝑦)
𝑏(𝑥𝑚) + 𝜆𝑀
∗ (𝑥𝑚, 𝑦) + 𝜆𝑃,𝑆
∗ (
𝑑𝑏
𝑑𝑥𝑚
+
𝑑𝜆𝑀
∗
𝑑𝑥𝑚
)                                   (S4a) 645 
𝑑𝐵
𝑑𝑥𝑚
=
𝑓𝑀
𝑏(𝑥𝑚) + 𝛼𝑀 + 𝜆𝑃
∗ (𝑦)
(
𝑑𝜆𝑀
∗
𝑑𝑥𝑚
+
𝜆𝑀
∗ (𝑥𝑚, 𝑦)
𝑏(𝑥𝑚) + 𝛼𝑀 + 𝜆𝑃
∗ (𝑦)
𝑑𝑏
𝑑𝑥𝑚
)        (S4b) 646 
The population will evolve in the direction of the selection gradient until an evolutionarily 647 
singular strategy, 𝑥∗, is reached at 𝑠𝐻(𝑥
∗, 𝑦) = 0. The singular strategy is evolutionarily 648 
stable (ES; i.e. a local fitness maximum) if  
𝜕𝑠𝐻
𝜕𝑥
|
𝑥=𝑥∗
< 0 and is convergence stable (CS; i.e. 649 
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locally attracting) if 𝑠𝐻(𝑥, 𝑦) < 0 for 𝑥 > 𝑥
∗ and 𝑠𝐻(𝑥, 𝑦) > 0 for 𝑥 < 𝑥
∗ (Geritz et al. 650 
1998). If 𝑥∗ satisfies both criteria then it is a continuously stable strategy (CSS). If 𝑥∗ is CS 651 
but not ES, then it is an evolutionary branching point, and if it is neither CS nor ES then it is 652 
a repeller.  653 
Theoretical model: defensive mutualist evolution 654 
Following (Ashby & King 2017), it can be shown that the invasion fitness of a rare defensive 655 
mutualist (with γM = γP = 0) is sign equivalent to  656 
𝑤𝑀(𝑥, 𝑦𝑚) =
𝛽𝑀(𝑥, 𝑦𝑚)𝐶(𝑥, 𝑦𝑚)
𝐷(𝑥, 𝑦𝑚)
− 1                                               (S5) 657 
where 𝐶(𝑥, 𝑦𝑚) = 𝑆
∗(𝑏(𝑥) + 𝛼𝑀𝑃 + 𝜆P
∗ (𝑦𝑚)) + 𝐼P
∗(𝑏(𝑥) + 𝛼𝑀 + 𝜆P
∗ (𝑦𝑚)) and 𝐷(𝑥, 𝑦𝑚) =658 
(𝑏(𝑥) + 𝛼𝑀𝑃)(𝑏(𝑥) + 𝛼𝑀 + 𝜆P
∗ (𝑦𝑚)). The selection gradient for the defensive mutualist, 659 
𝑠𝑀(𝑥, 𝑦) =
𝜕𝑤𝑀
𝜕𝑦𝑚
|
𝑦𝑚=𝑦
, is then given by: 660 
𝑠𝑀(𝑥, 𝑦) =
𝐶(𝑥, 𝑦)
𝐷(𝑥, 𝑦)
𝑑𝛽1
𝑑𝑦
+
𝑑𝜆P
∗
𝑑𝑦𝑚
(
𝛽1(𝑥, 𝑦)
𝐷(𝑥, 𝑦)
(𝑆∗ + 𝐼𝑃
∗) −
𝛽1(𝑥, 𝑦)𝐶(𝑥, 𝑦)
𝐷(𝑥, 𝑦)2
(𝑏(𝑥) + 𝛼𝑀𝑃))  (S6) 664 
Using equations S3 and S6, we can find the co-singular strategies (𝑥∗, 𝑦∗) of the system (i.e. 661 
when both equations are simultaneously equal to 0) and numerically determine evolutionary 662 
stability. We verify the quantitative and qualitative outcomes through simulations.  663 
Supplementary methods 665 
Quantifying S. aureus accumulation in host gut   666 
Nematodes from the evolved and ancestral populations were bleached as described above and 667 
synchronised in M9 buffer overnight. L1 larvae were grown up on 9cm NGM plates seeded 668 
with OP50 food for 48 hours, after which they were transferred to 9 cm S. aureus TSB plates, 669 
prepared as described above. Worms were exposed to S. aureus for 24 hours, following which 670 
they were filter tip washed as described above, crushed and gut contents plated onto MSA 671 
plates to select for S. aureus colonies only and incubated overnight at 30oC. S. aureus CFUs 672 
were counted. 673 
 674 
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 685 
Figure S1. Survival of ancestral C. elegans after S. aureus parasite exposure, following pre-686 
colonisation by ancestral or coevolved E. faecalis. Means marked with an asterisk differ 687 
significantly from the ancestor (Tukey contrasts). Error bars, ±1 S.E.M. 688 
  689 
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 690 
Figure S2. Gut colonisation by S.aureus in ancestral and coevolved nematode populations.   691 
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 692 
 693 
Figure S3. Evolution of host susceptibility to the defensive mutualist (black) for fixed levels 694 
of conferred protection. Host susceptibility to the defensive mutualist and the level of 695 
conferred protection increase with 𝑥 and 𝑦, respectively.  (A) accelerating host trade-off 696 
(𝑐𝐻
2 = 2); (B) decelerating host trade-off (𝑐𝐻
2 = 0.5). Green and red curves show the 697 
equilibrium proportion of hosts infected with the defensive mutualist (M) and the parasite (P), 698 
respectively. Black curves show the singular strategy (𝑥∗) for the host: solid curves 699 
correspond to continuously stable strategies, dashed curves to evolutionary repellers and 700 
dotted curves to evolutionary branching points where two host types may evolve and coexist 701 
from an initially monomorphic population. Shading corresponds to simulation outputs, where 702 
the adaptive dynamics assumptions of weak selection and rare mutations are relaxed. Hosts 703 
infected by the parasite can recover and reproduce. Fixed parameters as in Fig. 5, except: 704 
𝑓𝑃 = 1, 𝑓𝑀𝑃 = 1, 𝛾𝑀 = 0.5, 𝛾𝑃 = 0.5. 705 
  706 
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 707 
Figure S4. Qualitative coevolutionary outcomes as the shape of the host and defensive 708 
mutualist trade-offs are varied (hosts infected by the parasite can recover and 709 
reproduce). When 𝑐𝐻
2 > 1 the host trade-off accelerates and when 𝑐𝐻
2 < 1 it 710 
decelerates. When 𝑐𝑀
2 > 0 the defensive mutualist trade-off accelerates and when 711 
𝑐𝑀
2 < 0 it decelerates. Host protection (𝑥∗ = 0, 𝑦∗ > 0) evolves in the single hatched 712 
region, and mutualism (𝑥∗ > 0, 𝑦∗ > 0) evolves in the crosshatched region. For trade-713 
offs between the two horizontal dashed lines, the defensive mutualist diversifies into 714 
two strains, one conferring high protection to the host and the other conferring no 715 
protection. The inset figures show simulations corresponding to the different regions, 716 
with the host (H) and defensive mutualist (M) traits (𝑥 and 𝑦) increasing from left to 717 
right in each plot, and time increasing from bottom to top. Mutations are small and 718 
initially 𝑥 = 0 and 𝑦 = 0 (the relationship starts off as being antagonistic). Fixed 719 
parameters as in Figure S3, with 𝑐𝐻
1 = 0.02 and 𝑐𝑀
1 = 0.1.   720 
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 721 
Figure S5. Quantitative coevolutionary outcomes for (A, C) hosts and (B, D) defensive 722 
mutualists as the strength of the cost functions vary. The host trade-off accelerates in the top 723 
row (𝑐𝐻
2 = 2) and decelerates in the bottom row (𝑐𝐻
2 = 0.5). In cases where an evolutionary 724 
repeller exists (for decelerating host trade-offs), we show the non-zero value of the trait that 725 
evolves. Fixed parameters as in Figure 5, with 𝑐𝑀
2 = 3. 726 
 727 
